L-Prolinamides 2, prepared from L-proline and simple aliphatic and aromatic amines, have been found to be active catalysts for the direct aldol reaction of 4-nitrobenzaldehyde with neat acetone at room temperature. They give moderate enantioselectivities of up to 46% enantiomeric excess (ee). The enantioselectivity increases as the amide NOH becomes a better hydrogen bond donor. L-Prolinamides 3, derived from the reaction of L-proline with ␣,␤-hydroxyamines such that there is a terminal hydroxyl group, show more efficient catalysis and higher enantioselectivities. In particular, catalyst 3h, prepared from L-proline and (1S,2S)-diphenyl-2-aminoethanol, exhibits high enantioselectivities of up to 93% ee for aromatic aldehydes and up to >99% ee for aliphatic aldehydes under ؊25°C. Model reactions of benzaldehyde with three enamines derived from the condensation of prolinamides with acetone have been studied by quantum mechanics calculations. The calculations reveal that the amide NOH and the terminal hydroxyl groups form hydrogen bonds with the benzaldehyde substrate. These hydrogen bonds reduce the activation energy and cause high enantioselectivity. Our results suggest a new strategy in the design of new organic catalysts for direct asymmetric aldol reactions and related transformations.
T
he asymmetric aldol reaction is one of the most powerful methods for the construction of complex chiral polyol architectures (1) . The great synthetic usefulness of the aldol reaction in organic synthesis has powered a rapid evolution of numerous highly enantioselective chiral catalysts (2) . In general, asymmetric catalytic aldol reactions are classified into two main categories. One type of aldol reaction requires the preconversion of ketone or ester to a more active aldol donor, such as an enol ether or a ketene acetal by the use of a chiral Lewis acid (2) or Lewis base (3, 4) as the catalyst. The other type is called a direct aldol reaction, which is highly atomically economic (5) . The development of efficient catalysts for asymmetric catalytic direct aldol reactions is a worthwhile endeavor. The first example of the asymmetric direct aldol reaction catalyzed by heterobimetallic complexes was reported by Shibasaki and coworkers (6, 7) . Trost and coworkers (8, 9) have designed a zinc complex for the direct catalytic asymmetric aldol reaction with high enantioselectivities. Since the pioneering finding by List, Barbas, and their coworkers (10, 11 ) that L-proline could act as a catalyst in intermolecular direct aldol reaction, the concept of small organic molecules as catalysts has received increasing attention . However, efficient organic catalysts other than chiral amino acids for asymmetric direct aldol reactions are scarce (33, 34) . We seek to design small organic molecules with structural diversity for catalyzing organic transformations with high stereoselectivity and broad substrates. Here, we report on a class of organic catalysts, (S)-pyrrolidine-2-carboxamides (L-prolinamides), that efficiently catalyze the direct aldol reactions with high enantioselectivities (35) . The relationship between L-prolinamide structures and the enantioselectivity and theoretical studies on the transition structure and reaction mechanism are presented. The key factors that control the enantioselectivity of the direct aldol reaction catalyzed by L-prolinamides is also clarified.
Materials and Methods
General. All starting materials were purchased from Acros Organics (Geel, Belgium) and used without further purification. NMR spectra were recorded on a 300-MHz spectrometer (Bruker, Fallanden, Switzerland). Optical rotations were measured on a Perkin-Elmer 241 Polarimeter at ϭ 589 nm. Fourier transform-ion cyclotron resonance mass spectra were recorded on the P-SIMS-Gly (Bruker Daltonics, Billerica, MA). HPLC analysis was performed on Waters-Breeze (2487 Dual Absorbance Detector and 1525 Binary HPLC Pump). Chiralpak AS, AD, and OJ columns were purchased from Daicel Chemical Industries (Hong Kong, China). Chiral GC analysis was performed on Varian CP-3380 with a CP CHIPASIL-DEX column. Acetone was dried over anhydrous K 2 CO 3 . Hexane and ethyl acetate for column chromatography were distilled before use. Detailed reaction conditions for the preparation of each compound and characterizations of compounds 1-3 are given in Supporting Text, which is published as supporting information on the PNAS web site.
Typical Procedure for the Preparation of 2 and 3. Compounds 2 and 3 were prepared by conventional methods (36) . N-Carbobenzyloxy-L-proline (2.0 g, 8.0 mmol) and triethylamine (0.81 g, 8.0 mmol) were dissolved in tetrahydrofuran (30 ml). The solution was cooled down to 0°C. To the solution was added ethylchloroformate (0.88 g, 8.0 mmol) dropwise for 15 min. After the solution was stirred for 30 min, amine (8.0 mmol) was added for 15 min. The resulting solution was stirred at 0°C for 1 h and at room temperature for another 16 h and then refluxed for 3 h. After it was cooled down to room temperature, the solution was diluted with ethyl acetate. After filtration and removal of solvent under reduced pressure, the residue was purified through column chromatography on silica gel (eluent, hexane͞ethyl acetate 2:1) to give Z-A. Compounds Z-A (1.0 g), 5% Pd͞C (0.1 g), and methanol (30 ml) were charged in a two-neck flask (100 ml). After being stirred under hydrogen (1 atm) for 1 h, the solution was filtered. After removal of solvent, the resulting residue was purified through column chromatography on silica gel (eluent, hexane͞ethyl acetate 2:1) to give 2 or 3.
General Procedure for Aldol Reaction. To anhydrous acetone (1 ml) were added the corresponding aldehyde (0.5 mmol) and Lprolinamide 2 or 3 (20 mol%). After being stirred at Ϫ25°C for 24-48 h (monitored by TLC), the reaction mixture was treated with saturated aqueous ammonium chloride. The layers were separated, and the aqueous layer was extracted with ethyl acetate. The combined organic layers were washed with brine and dried over anhydrous MgSO 4 . After removal of solvent, the residue was purified through flash column chromatography on a silica gel (eluent, hexane͞ethyl acetate 1:3) to give the pure adducts. 
Results and Discussion
Direct Aldol Reaction of 4-Nitrobenzaldehyde with Acetone Catalyzed by L-Prolinamides. It has been reported that the acidic proton of proline is critical for the reactivity and stereoselectivity of the proline-catalyzed direct aldol reaction (10, 11) . L-Prolinamide (2-pyrrolidine-carboxamide, 2a) was initially observed to be ineffective in catalyzing the direct aldol reaction (11) . However, we found that in the presence of 20 mol% L-prolinamide (2a), the model reaction of 4-nitrobenzaldehyde with neat acetone proceeded cleanly to give 1a in 80% yield with 30% ee (Table 1 , entry 1). This encouraged us to investigate the catalytic activity of a family of L-prolinamides 2b-k. Table 1 summarizes the results. Most of L-prolinamides exhibit high catalytic activity for the reaction. The secondary amides 2b-e with N-alkyl groups show low enantioselectivities of 15-23% ee, which might have resulted from a very weak hydrogen bond formed between the proton of amide groups of these compounds and the aldehyde. However, the secondary amides with N-aryl groups (2g-l) show moderate stereoselectivities of 31-46% ee. In particular, the enantioselectivity increases as the aryl substituent varies from electron-donating to electron-withdrawing, which makes the NOH more acidic and thus a better hydrogen bond donor. It can thus be concluded that the amide group of these catalysts is directly involved in catalysis through hydrogen bonding with the aldehyde substrate.
Direct Aldol Reaction of 4-Nitrobenzaldehyde with Acetone Catalyzed
by L-Prolinamides with a Terminal Hydroxyl Group. The observation with catalysts 2 prompted us to study the direct aldol reaction catalyzed by L-prolinamides 3 derived from L-proline and ␣,␤-hydroxyamines, in the hope that the terminal hydroxyl group might form an additional hydrogen bond with the aldehyde substrate so that the catalytic activity and enantioselectivity might be increased.
To our delight, this class of organic catalysts indeed exhibited high catalytic efficiency as shown in Table 2 . Chiral catalyst 3a promoted the reaction with a high yield of 84% but with a moderate enantioselectivity of 46% ee (entry 1). It did not show an apparent difference in catalytic efficiency from its isomer 3b (75% yield, 48% ee, entry 2). Compound 3d afforded a level of stereo-control superior to its diastereomer 3c (entries 3 and 4). This finding indicates that the (S)-configuration of C ␣ (see 3a for labeling) matched the (S)-configuration of L-proline to enhance the stereochemical control. Catalysts 3g and 3h with (S)-conformation of C ␣ once again induced higher enantioselectivities (entries 7 and 8, 64% ee and 69% ee, respectively) than their diastereomers 3e and 3f (entries 5 and 6, 49% ee and 44% ee, respectively) that contain (R)-C ␣ . The (S)-configuration of C ␤ also contributed to the selection. The highest enantioselectivity of 69% ee was observed with (S,S,S)-pyrolidine-2-carboxylic acid 2Ј-hydroxyl-1Ј,2Ј-diphenylethylamide (3h) (entry 8).
Dipeptide models 3i-l were readily prepared from the reaction of L-proline with the esters of natural amino acids Lphenylalanine, L-serine, and L-threonine. These dipeptide mod- els were also found to promote the direct aldol reaction. As demonstrated in Table 2 , the peptides 3j-l with terminal hydroxyl groups (entries 10-12) provided higher enantioselectivities than 3i without a hydroxyl group (entry 9). Catalysts 3k and 3l, which differ in the ester group, gave similar enantioselectivities for the direct aldol reaction (entries 11 and 12). Comparisons of 3a, c, and f with 3j, k, and l indicate that the ester group in the dipeptide models causes higher enantioselectivity than an alkyl and aryl group. This outcome is once again due to the electron-withdrawing nature of the ester, which makes the NOH more acidic. The best catalyst 3h was studied further. On decreasing the reaction temperature to Ϫ25°C, the yield of the reaction of p-nitrobenzaldehyde with acetone was somewhat killed (66%), but the enantioselectivity increased significantly to 93% ee ( Table 2 , entry 8). For a comparison, when L-proline was used as the catalyst under the same reaction condition as for 48 h, a poor yield of 6% with 70% ee for the formation of 1a was observed. The difference is probably due to the poor solubility of proline in acetone.
The generality of catalyst 3h in catalyzing direct aldol reactions with a variety of aldehydes including aromatic and aliphatic aldehydes was examined under optimal conditions. The results are shown in Table 3 . (For the results of 3-h-catalyzed intramolecular aldol reaction, see Table 4 .) The aldol reactions of the aldehydes with acetone took place smoothly and were catalyzed by 20 mol% of 3h to give aldol adducts in moderate-to-high yields with high enantioselectivities ranging from 78 to Ͼ99% ee. The observed enantioselectivities for both aromatic and aliphatic aldehydes appear to be systematically higher than those obtained with L-proline as the catalyst (10) . This finding is attributed to the reduced temperature (Ϫ25°C) because of the high catalytic activity of 3h. High enantioselectivities of up to 87% ee were achieved for ␣-unbranched aldehydes (entries [18] [19] [20] , although the yields were not high (12-47%). These aldehydes are also difficult substrates with proline as the catalyst (37) . Very high enantioselectivities were achieved for ␣-branched aldehydes (entries 13-17). In particular, for the reaction of cyclohexylformaldehyde, an enantioselectivity of 98% was still maintained even if the amount of catalyst 3h was reduced to 10 mol% and 5 mol% (entries 14 and 15), although the yield was somewhat reduced. 2-Butanone acted as an aldol donor to react with several aromatic aldehydes, such as 4-nitrobenzaldehyde, 4-cyanobenzaldehyde, and 4-chlorobenzaldehyde, giving adducts 1t-v, which resulted from the nucleophilic attack of the methyl group of the ketone with high enantioselectivity of up to 92% ee (entries 21-23). For the three reactions another regioisomer resulting from the nucleophilic attack of the ethyl group of the ketone was possible. We only isolated the regioisomer of 1t with Ͻ5% yield.
Theoretical Study of the Transition Structures and Mechanism. The mechanism of direct aldol reaction catalyzed by proline has been studied previously by quantum mechanics calculations (38) (39) (40) (41) . The stereochemistry is believed to be determined by the addition of aldehyde to enamine intermediate formed by condensation of acetone with proline (42) (43) . The hydrogen bonding involving the proline acid group and the aldehyde substrate has been considered to be important to the high enantioselectivity (40, 41) . Analogous to this, we have studied the reactions of enamines 4-6 with benzaldehyde by using quantum mechanics methods. All calculations were performed with the GAUSSIAN 98 program (44) . Geometries were fully optimized with the HF͞6-31G* method. Vibration frequencies were calculated for each structure with the same method and each transition structure was confirmed with one imaginary frequency. The energy of each structure was evaluated with the B3LYP͞6-31G** method. The solvent effect of acetone was estimated with the PCM model (45) . The calculated activation energies in Figs. 1-3 were also located with the B3LYP͞6-31G* method (Fig. 4) . The calculated geometries and activation energies were very similar to those calculated based on the HF͞6-31G* geometries. However, transition structures for (S)-configuration products could not be obtained. Therefore, these structures are not reported. Fig. 1 are the transition structures for the reaction of enamine 4 with benzaldehyde. The enamines can adopt two conformations, anti and syn, as shown in 4. Transition structures are located in both conformations for 4. Similar to the results reported for proline catalysis (where the amide group is replaced by an acid group), the transition structures with syn-enamine (4-TS2) are much higher in energy than those with anti-enamine (4-TS1). They can be excluded in calculating the enantioselectivity. Therefore, for the reactions of 5 and 6, only the anticonformations were studied.
Shown in
The amide forms a good hydrogen bond with the carbonyl oxygen of benzaldehyde in both 4-TS1-(R) and 4-TS1-(S) (46) .
In 4-TS1-(R), the phenyl group of benzaldhyde is antiperiplanar to the CAC double bond of the enamine. Good staggering occurs around the forming COC bond, as indicated by the dihedral angle OACOCAC of Ϸ51°. This structure does not suffer from a steric interaction. On the other hand, the phenyl group in 4-TS1-(S) is gauche to the CAC double bond, and it has some steric interaction with the amide group. The distance between the amide hydrogen and one of phenyl hydrogen atoms is Ϸ2.51 Å. Thus, the OACOCAC dihedral angle is reduced to Ϸ42°to reduce the steric interaction. 4-TS1-(S) is calculated to be less stable than 4-TS1-(R) by Ϸ1.2 kcal͞mol (1 kcal ϭ 4.18 kJ). This energy difference is similar to that calculated for proline catalysis (41) .
For the reaction of enamine 5 with benzaldehyde, four transition structures are shown in Fig. 2 . The NOCOCOO dihedral angle in 5-TS1-(R) and 5-TS-(S) is positive gauche, but in 5-TS2-(R) and 5-TS2-(S) it is negative gauche. These structures are similar to 4-TS1-(R) and 4-TS1-(S), respectively, except for the additional hydrogen bond formed between the terminal hydroxyl group and the oxygen of benzylaldehyde. Although 5-TS1-(R) and 5-TS2-(R) have similar energies, both giving the (R)-product, 5-TS1-(S), which gives the (S)-product, is Ϸ0.7 kcal͞mol less stable. The four transition structures for the reaction of enamine 6 with benzaldehyde shown in Fig. 3 were derived by adding two phenyl groups to the four transition structures shown in Fig. 2 for the reaction of enamide 5 with benzaldehyde. In 6-TS1-(R) and 6-TS1-(S), the two benzyl groups are gauche to each other. To avoid steric interactions between them, the NOCOCOO dihedral angle is reduced by Ϸ20°so that the two phenyl groups are more separated. A rotation also occurs around the COC forming bond so that the OACOCAC dihedral angle is reduced. The rotation is particularly large in 6-TS1-(S) so that the OACOCAC dihedral angle is now only Ϸ6°. Because of this finding, 6-TS1-(S) becomes Ϸ2.6 kcal͞mol less stable than 6-TS1-(R), compared with the destabilization of 5-TS1-(S) over 5-TS1-(R) by only 0.7 kcal͞mol. In 6-TS2-(R) and 6-TS2-(S), the two phenyl groups are anti to each other. The calculations indicate that 6-TS2-(R) is much more stable than the other structures. In particular, it is Ϸ5 kcal͞mol more stable than the two transition structures, 6-TS1-(S) and 6-TS2-(S), that give the (S)-product.
Transition structures in which the terminal hydroxyl group forms a seven-member-ring hydrogen bond with the amide carbonyl group were also located. As shown in Fig. 5 , these structures are Ͼ6 kcal higher in energy than 6-TS2-(R) and, therefore, can be excluded.
Bahmanyar and Houk (47) reported a detailed theoretical study on the reaction of simple enamines with aldehydes. For the reaction of acetaldehyde with CH 2 ACHONMe 2 , a high activation energy of Ϸ33.5 kcal͞mol was calculated by the B3LYP͞ 6-31G* method in the gas phase. The activation energy was reduced to Ϸ20 kcal͞mol if the effect of the water solvent (e ϭ 78) was included with the conductor-like polarizable continuum model solvent model. Our calculated activation energy for the reaction of benzaldehyde with enamine 4 [4-TS1-(R)] is Ϸ10.2 kcal͞mol in the gas phase and 10.0 kcal͞mol in acetone. Thus, the hydrogen bond between the amide and benzaldehyde significantly reduces the reaction activation energy. The effect of the amide is similar to that of the proline acid. This is somewhat surprising because the acidity of amide is much lower than that of acid. It should be noted that the acid prefers a synconformation (OACOOOH ϭ 0°), but has to adopt an anticonformation (OACOOOH Ϸ 180°) in the transition structure to form the hydrogen bond. This conformational change causes Ϸ6-8 kcal͞mol destabilization (48) , reducing the catalytic ability of the acid. On the other hand, such a conformational change is not needed for amide.
The calculated activation energies for the reaction of benzaldehyde with 5 and 6 are both Ϸ7 kcal͞mol. Thus, the hydrogen bond formed between the terminal hydroxyl group and benzaldehyde also reduces the activation energy. Although this assessment is qualitative, it does support the important concept of hydrogen bond catalysis, which has been demonstrated recently for several other systems (49) (50) (51) .
In the proline-catalyzed direct aldol reaction, the calculated enantioselectivity with a hydrogen bond model reproduces the experimentally observed enantioselectivity very well (41) . Our current calculations for prolinamide-catalyzed direct aldol reaction with the same hydrogen bond model appear to predict enantioselectivities higher than those observed experimentally. Two possibilities might exist for this discrepancy. The transition structures were located in the gas phase, which overestimates the hydrogen-bonding strength. As a result, the binding of an aldehyde substrate to the amide is too tight, causing too much steric destabilization between the amide and the phenyl group of benzylaldehyde in the transition structures for the minor product.
Another possibility exists. The fact that the tertiary amide 2f can effectively catalyze the direct aldol reaction but gives only a low enantioselectivity suggests that a competitive reaction mechanism might occur, which does not involve the hydrogen bond by the amide and gives a low enantioselectivity. Since the abovementioned calculated activation energy for the reaction of acetaldehyde with CH 2 ACHONMe 2 is high (47) , and the reaction barrier should be even higher when the loss of entropy for a bimolecular reaction is considered, we suspect that the water generated in the condensation reaction of prolinamide and acetone might be involved in the competitive reaction. This possibility requires further investigation through calculations.
To further support the proposed transition state, parallel aldol reactions of 4-nitrobenzaldehyde with acetone catalyzed by organic molecules 7-9 that were derived from catalyst 3g were conducted. Compound 7, in which the proton of the amide in 3g was replaced by a methyl group, catalyzed the aldol reaction to give the aldol adduct with 58% yield and 16% ee. If the terminal hydroxyl group of 3g was methylated, the resulting catalyst 8 mediated the reaction in 29% ee, similar to that given by 2e. Given that the protons of the amide and hydroxyl groups of 3g were replaced by a methyl group, the corresponding organic molecule 9 catalyzed the aldol reaction with 11% ee. All of catalysts 7-9 offered much lower enantioselectivity than did 3g. These results indicate that the terminal hydroxyl group serves as a hydrogen bond donor instead of a hydrogen bond acceptor; it forms a hydrogen bond with the aldehyde substrate together with the amide NOH group. These observations are in full agreement with the model that we presented in Figs. 2 and 3 . The models shown in Fig. 2 also qualitatively explain the observed trend of enantioselectivities caused by catalysts 3a-h (Table 2) . Based on steric crowdedness, the favored positions (in red) for substitutions are a and c in 5-TS1-(R) and 5-TS1-(S) and b, c, and d in 5-TS1-(R). 5-TS2-(S) can be excluded because of its high instability. If a substitution pattern is favorable in 5-TS2-(R) but is unfavorable in 5-TS2-(S), stereoselectivity should be increased. That is the case for 3b, 3d, 3g, and 3h because it would have to put a substituent at the position b of 5-TS1-(S). The results of our calculation shown in Fig. 3 for 3h catalysis (enamine 6) support this analysis.
Summary. We have found that L-prolinamides prepared from L-proline and amines are active catalysts for the direct aldol reaction of both aromatic and ␣-branched aliphatic aldehydes with neat acetone. The enantioselectivity is low (Ͻ 23% ee) for tertiary amide and secondary amides with a simple N-alkyl group. It is intermediate (31-46% ee) for aromatic secondary amides. The enantioselectivity is increased with increasing acidity of the amide NOH and in the presence of a terminal hydroxyl group. Excellent enantioselectivities are obtained with catalyst 3h, prepared from L-proline and (1S,2S)-diphenyl-2-aminoethanol and under Ϫ25°C reaction conditions. Quantum mechanics calculations on the transition structures of model reactions of benzaldehyde with enamines reveal that the amide NOH and the terminal hydroxyl groups form hydrogen bonds with the benzaldehyde substrate. These hydrogen bonds act simultaneously and are important for high enantioselectivity. Methylation of the NOH and OOH groups to NOMe and OOMe results in low enantioselectivity. The present study suggests a previously unreported strategy in the design of organic catalysts for direct asymmetric aldol reactions and related transformations, because plentiful chiral sources containing multihydrogen bond donors, for example, peptides, might be adopted in the design.
